We find that calcium influx through voltage-dependent calcium channels causes extensive neurite outgrowth in PC12 cells. The calcium signal transduction pathway promoting neurite outgrowth causes the rapid activation of protein tyrosine kinases, which include Src. Protein tyrosine phosphorylation results in the formation of an ShclGrb2 complex, leading to Rasactivation, MAP kinase activation, and the subsequent induction of the immediate early gene NGFI-A. Protein tyrosine phosphorylation, gene induction, and neurite outgrowth are inhibited by the expression of dominant negative forms of both Src and Ras, indicating a requirement for both proto-oncoproteins in calcium signaling. Our results suggest that a signaling cassette which includes Src and Ras is likely to underlie a broad range of calcium actions in the nervous system.
Introduction
In neurons, elevation of intracellular calcium levels mediates pleiotropic effects that overlap with those elicited by neuronal growth factors. For example, in vivo studies have implicated calcium in the control of glutamate cytotoxicity (Choi, 1992) , isc$emic ceil death (Boniece and Wagner, 1993) , neuronal apoptosis (Oppenheim, 1991; Franklin and Johnson, 1992) , neuronal differentiation (Davies, 1994; Spitzer et al., 1994) , and synaptic plasticity (Bliss and Collingridge, 1993; Malenka, 1994) . processes in which neuronal growth factors have also been implicated. In neuronal cell culture, depolarization-induced calcium entry through voltage-dependent calcium channels has been shown to mimic and complement neuronal growth factor actions, including neuronal survival and the maintenance of neurites after growth factor deprivation (see Franklin et al., 1995) . However, the mechanism by which calcium mediates these events is not understood.
The molecular bases of neuronal growth factor and calcium actions have been best studied in rat pheochromocytoma, PC12 cells, in which the actions of calcium are simi- lar to those in neurons. For example, in PC12 cells, depolarization-induced calcium entry through voltagedependent calcium channels has been shown to maintain neurites and cell survival after nerve growth factor (NGF) deprivation in serum-free medium (Teng and Greene, 1993) . Similar actions of calcium and growth factors have also been reported at the molecular level, including the phosphorylation and activation of tyrosine hydroxylase (McTigue et al., 1985) and the induction of several immediate early and late genes (for reviews, see Halegoua et al., 1991; Ghosh and Greenberg, 1995) . Until recently, pathways distinct from that used by NGF have been considered for providing the mechanism by which calcium alters neuronal and PC12 physiology (e.g., Franklin and Johnson, 1992) . Consistent with this idea, the calciummediated induction of c-fos (Ghosh and Greenberg, 1995) and the site-specific phosphorylation of tyrosine hydroxylase (McTigue et al., 1985) have been shown to occur predominantly through the action of calciumlcalmodulin (CAM)-dependent protein kinases, which are not stimulated by NGF.
Many of the actions of NGF are mediated through a proto-oncoprotein signaling pathway (for reviews, see Keegan and Halegoua, 1993; Kaplan and Stephens, 1994) involving the NGF receptor/Trk tyrosine kinase, the nonreceptor tyrosine kinase Src, the ShclGrb2 complex of SH2/ SHB-containing linker proteins, the GTP-binding protein Ras, the cytoplasmic serine/threonine Raf kinases, Mek, and the mitogen-activated protein (MAP) kinases. Recently, the calcium-stimulated activations of Mek and MAP kinases have been shown to be mediated by the activation of Ras proteins (Rosen et al., 1994) , suggesting that the calcium and growth factor signaling pathways share molecular intermediates. However, the mechanism by which calcium influx might lead to Ras activation and the possible physiological consequences of calcium signaling through this pathway have not been determined.
We have established growth conditions for PC12 cells under which calcium mimics a neuronal growth factor action for the de novo induction of neurite outgrowth. The calcium-induced neurite outgrowth is mediated through the initial actions of Src and Ras. We further show that calcium stimulates tyrosine phosphorylation of She and the MAP kinases and induces the NGFI-A gene by stimulation of the Src-Ras signaling cassette. These results indicate that significant calcium and neuronal growth factor actions occur through overlapping signal transduction pathways, thus providing new insights toward understanding calcium actions in neurons. First, because fetal bovineserum has been reported to be inhibitory to neurite growth, this was removed from the growth medium in conjunction with a reduction of the horse serum content to 1% (Greene et al., 1987) . Second, to facilitate long-term calcium entry, the depolarizing pOtaSSium concentration was reduced from 75 mM to between 25 and 40 mM in the presence of 100 nM S(-)BayK8844 (BayK), an agent that markedly increases the mean open time of calcium channels (Schramm et al., 1983) . Both conditions were found to be necessary for optimal depolarization-induced neurite growth. For example, if 25 mM potassium and 100 nM BayK were added to PC1 2 ceils grown in complete, serumcontaining medium, the percentage of ceils bearing neurites never reached more than 3%. Similarly, cells grown in serum-reduced medium with 75 mM potassium did not grow neurites, and cell death resulted after 1 week in culture. As shown in Figure 1 , when PC12 cells were grown in low serum medium, containing 40 mM potassium and 100 nM BayK, for as long as 3 weeks, nearly all (>90%) of the cells survived, and up to 50% f 8% of the depolarized cells grew long, branched neurites with growth cones at their tips. This level of neurite growth was not as great as that seen with NGF treatment, where nearly all of the cells produced neurites, and the neurite morphology, although "typical," was distinct from that of the NGF-treated cells. The depolarization-induced neurites were not as long as those in NGF-treated cells. After 3 weeks of treat&Rent, depolarization-induced neurites (average length of 133 f 74 pm) were 73% shorter than NGF-induced neurites(average length of 354 f 173 urn). Depolarization-induced neurites also appeared to exhibit more extensive branching, although this was not quantified.
Results

Long
The requirement for the combined presence of potassium and BayK indicated that the depolarization-induced neurite growth required calcium entry through voltagedependent calcium channels. Consistent with this idea, the calcium channel blocker nimodipine (1 PM) was found to block completely neurite growth mediated by depolarization, but had no effect on NGF-induced neurite growth. Depolarization-induced neurite growth was not inhibited by addition of K252a (50 nM) or of methylthioadenosine (MTA; 1.5 mM), which inhibited growth factor actions by 94% and 70%, respectively (data not shown; Seeley et al., 1984; Koizumi et al., 1988) , further indicating that the neurite growth was not mediated by a gratuitous activation of NGFor fibroblast growth factor receptors by the depolarization paradigm.
Calcium-Induced Neurite Outgrowth Requires Both Src and Ras Activities To determine whether calcium-stimulated neurite outgrowth was dependent upon Src family protein kinases, PC12 sublines were established (see Experimental Procedures) that expressed DNA encoding a kinase-inactive Src, chicken c-.s~c~~~~~, which is expected to be dominantly interfering (Twamley-Stein et al., 1993) . Two independently isolated PC1 2 sublines, srcDN1 and srcDN2, which expressed the highest levels of the mutant chicken Src protein as determined by Western blotting of whole-cell lysates probed with the chicken Src-specific antibody, EC1 0 (see Figure 5A ), were further examined to determine the ratio of SrcDN to Src expressed in the cells. Whole-cell lysates, obtained from PC1 2, srcDN1, and srcDN2 cells, were subjected to Western blotting and probed with antiSrc antibody 327, which recognizes both mammalian and chicken forms of Src. The results demonstrate that the levels of Src protein expressed in srcDN1 and srcDN2 cells were 11 -fold and 42-fold higher, respectively, than the level of endogenous Src in PC12 cells (see Figure 5B) , indicating an overabundance of SrcK295R relative to the endogenous wild-type Src protein in the srcDN cell lines.
The two PC1 2 sublines, srcDN1 and srcDN2, were each tested for calcium-stimulated neurite outgrowth. Both cell lines were defective in depolarization-induced neurite outgrowth (Figure l) , although they acquired a flattened morphology in response to the depolarization.
Calcium influx did stimulate protein phosphorylation and gene induction in these cells (see below), and NGF treatment resulted in robust neurite outgrowth (Figure l) , though in a reduced number of cells as compared with parental PC12 cells, indicating that there was not a general impairment of calcium signaling oineurite growth capability.
To test whether the ability of calcium to induce neurite growth was also dependent upon Ras activation, two PC1 2 cell sublines overproducing the dominant negative mutant rasN" (17N-1 and 17N-2) were treated with 40 mM potassium and 100 nM BayK or with NGF as above. Blocking Ras activity limited depolarization-induced neurite outgrowth to 7% f 1% and 2% f 1 O/O of the cells for 17N-1 and 17N-2 cells, respectively, over a period of 9 days (Figure l) , although parallel treatments of PC12 cells induced neurite growth in 20% f 2% of the cells. As previously reported, 17N-1 and 17N-2 cells displayed impaired NGFinduced neurite growth (Robbins et al., 1992) ; NGF treatment resulted in neurite growth in 9% & 1% and 3% + 1 O/O of the 17N-1 and 17N-2 cells, respectively, compared with 77% k 4% in PC12 cells. Low serum-containing medium could not support growth of cells expressing RasN17 past this time interval (data not shown). The lack of neurite growth by depolarization of the rasN" transfectants was not due to a general metabolic defect of the cell lines because neurite growth could be induced in therasN17 transfectant cells by the expression of an activated form of the Raf-1 oncoprotein (data not shown; see Wood et al., 1993) .
Calcium-Mediated
Tyrosine Phosphorylation of MAP Kinase but Not She Is Ras Dependent To dissect further the calcium signaling pathway, we examined the ability of calcium influx to stimulate tyrosine phosphorylation of proteins in PC12 cells. Cell lysates obtained from control or potassium-depolarized PC12 cells were subjected to Western blotting, and the blots were probed with an anti-phosphotyrosine antibody. As seen in Figure 2A , the staining of several phosphotyrosinecontaining proteins, with apparent molecular weights of 52, 44, and 42 kDa (designated She, Erk-1, and Erk-2, respectively), increased significantly within 5 min of potassium depolarization to levels comparable to those seen after NGF treatment. Depolarization-stimulated protein tyrosine phosphorylation required extracellular calcium, because when calcium in the medium was replaced with 1 mM EGTA, depolarization did not cause any significant phosphorylation (data not shown). Two pharmacological criteria were used to assess whether the tyrosine phosphorylation induced by depolarization was due to calcium influx through voltage-dependent calcium channels. As shown in Figure 28 , when the potassium concentration in the medium was raised to 25 mM, there was a halfmaximal increase in She tyrosine phosphorylation and no detectable increase in tyrosine phosphorylation of Erk-1 or Erk-2, but the maximal level of protein tyrosine phosphorylation was elicited when the calcium channel agonist BayK was also added to the medium. The calcium channel blocker nitrendipine (10 PM) inhibited the potassiumstimulated protein tyrosine phosphorylation by about 60% (data not shown). A more effective calcium channel blocker, nimodipine (10 PM), completely blocked the protein tyrosine phosphorylation elicited in response to depolarization ( Figure 2C ).
The ability of calcium to stimulate protein tyrosine phosphorylation was not limited to the entry of calcium through voltage-dependent calcium channels. When cells were treated with the calcium ionophores A23187 ( Figure 2E ) or ionomycin (data not shown), similar patterns of protein tyrosine phosphorylation were seen as with depolarization. Furthermore, when cells were treated with caffeine, which causes massive release of calcium from intracellular stores in PC12 cells (Zacchetti et al., 1991) a similar pattern of stimulated protein tyrosine phosphorylation was also obtained ( Figure 2D ). This effect of caffeine was prevented when the cells were first incubated in calcium-free medium containing 1 mM EGTA and 10 PM BAPTA-AM for 1 hr (data not shown), to chelate both the extracellular and intracellular calcium stores.
Calcium-stimulated protein tyrosine phosphorylation might be mediated in a Ras-dependent or a Rasindependent manner. The tyrosine phosphorylation of MAP kinases in particular has been shown to occur through at least two distinct signaling pathways. The path- way to MAP kinase tyrosine phosphorylation used by NGF requires Ras (e.g., Thomas et al., 1992) , while another pathway involving G proteins is at least in part Ras independent (e.g., Robbins et al., 1992) . The 44 and 42 kDa proteins identified in the phosphotyrosine Western blots (Figure 2 ) correspond to the MAP kinases Erk-1 and Erk-2, respectively (Thomas et al., 1992) . Therefore, we assessed the Ras dependence of the calcium-stimulated tyrosine phosphorylation of these MAP kinases. Neither NGF treatment nor depolarization stimulated tyrosine phosphorylation of MAP kinases in 17N-1 or 17N-2 PC1 2 sublines (Figure 3 ) in which dominant negative RasN17 is overexpressed. These results are in accord with similar findings with calcium ionophore-treated GSrasDN6 cells, which, unlike 17N-1 and 17N-2 cells, are defective in depolarization-induced calcium entry (Rosenet al., 1994 ) likely owing to a low expression level of voltage-dependent calcium channels. NGF treatment and depolarization of 17N-1 or 17N-2 cells,did stimulate the tyrosine phosphorylation of the protein at 52 kDa (She), to the same level as Ras dominant-negative To determine whether the increased tyrosine phosphorylation correlated with an increase in MAP kinase activity, PC12 or 17N-1 cells were treated with the above agents, and MAP kinase activity was measured in immunoprecipitates. Whereas NGF, depolarization, and AIFI-all increased MAP kinase activity in PC1 2 cells (8.7-, 7.5-, and lo-fold, respectively), in 17N-1 cells, MAP kinase activity was poorly stimulated by NGF treatment (Bfold) or depolarization (1.4-fold) but was well stimulated by activation of the G protein pathway in response to AIFlm (10.7-fold; data not shown; see Robbins et al., 1992; Rosen et al., 1994) .
Calcium Elevation Causes She Tyrosine Phosphorylation and Association with Grb2 The molecular mass and Ras-independent tyrosine phosphorylation of the 52 kDa protein suggested that it was the She proto-oncoprotein (see Rozakis-Adcock et al., 1992) . To assess this possibility, PC12 cells were depolarized or treated with NGF, and the cell lysates were incubated with anti-She antibody. The immunoprecipitated proteins were blotted onto nitrocellulose, and the blot was probed with the same anti-She antibody. As seen in Figure  4 , three bands were stained, which migrated to positions corresponding to apparent molecular weights of 66, 52, and 46 kDa, the positions of the known She proteins. Approximately equal amounts of She protein were found in all immunoprecipitates.
When the same blot was probed with anti-phosphotyrosine antibody, dramatically increased tyrosine phosphorylation of ~52 and p46 was seen in immunoprecipitates obtained from cells treated with NGF (Figure 4 ; also see Stephens et al., 1994) or from depolarized cells (see Figure 4) . The predominant band, ~52 She, migrated at the same position as the band seen above in crude cell lysates, suggesting that the p52 protein seen in phosphotyrosine blots of whole-cell lysates was indeed She.
The ability of She to mediate activation of Ras proteins requires its association with the Grb2 adapter protein (Rozakis- Adcock et al., 1992) . To determine whether the tyrosine phosphorylation of She resulted in an association with the Grb2 protein, the same blot of She immunoprecipitates was reprobed with anti-Grb2 antibody. As shown in Figure  4 , the amount of Grb2 was increased dramatically in the She immunoprecipitates from potassium-depolarized cells, as was seen for NGF-treated cells.
Tyrosine Phosphorylation of She Is Mediated by an Activated Member of the Src Family of Tyrosine Kinases She has been shown to be a substrate for the Src family kinases (McGlade et al., 1992) . To determine whether Src activity was necessary for calcium stimulation of She tyrosine phosphorylation, srcDN1 and srcDN2 cells were depolarized, treated with the calcium ionophore A23187, or treated with NGF, and crude cell lysates were prepared and subjected to Western blotting using anti-phosphotyrosine antibody. In lysates from these cell lines, NGF was able to stimulate the tyrosine phosphorylation of She and of MAP kinase proteins ( Figure 5 , Erk-1 and Erk-2). However, neither depolarization nor treatment with A23187 was able to stimulate significantly tyrosine phosphorylation of these proteins ( Figure 5 ; and data not shown). To ensure that the cell lines expressing the SrcK295R protein did not have a general defect in the responsiveness to calcium elevation, the CAM kinase II-mediated phosphorylation of tyrosine hydroxylase was also examined. Depolarization of srcDN1 cells led to the same increase in the phosphorylation of tyrosine hydroxylase as in PC12 cells (data not shown). Furthermore, depolarization or ionophore treatment led to c-fos induction in srcDN2 cells (see Figure 7) indicating that some calcium signaling pathways are functional in these cells.
To determine whether calcium-stimulated tyrosine phosphorylation is through the activation of Src family tyro- Procedures). Src kinase activity was assayed using enolase as a substrate.
The incorporation of =P by Src (autophosphorylation) and enolase was determined by phosphorimager analysis of the gel, and the image was printed using a Seiko dye sublimation printer. Src kinase activity was increased by 15fold in the experiment illustrated (see text). Half the sample was subjected to Western blotting and probed with anti-Src antibody 327 as in Figure 5 in immunoprecipitates (see Experimental Procedures) indicated that the total activity of Src (based on the level of the enolase substrate phosphorylation) was increased by only 1.7 f 0.45-fold within 15 min after depolarization of the cells (averaged over five experiments; see Figure 6 ). Because activated Src kinase has been shown to be associated with the Triton-insoluble cytoskeletal fraction (see Clark and Brugge, 1993) Src kinase activity associated with the cytoskeleton was analyzed. Src was extracted from the cytoskeleton-containing, Triton-insoluble fraction and immunoprecipitated.
The kinase assay of this fraction indicated that the total activity of Src was increased by 10.5 * 4.3-fold within 15 min after depolarization of the cells (averaged over three experiments; Figure 6 ). The relative levels of Src in these immunoprecipitates ( Figure  6 ) confirmed by Western blotting using '?-protein A (see Experimental Procedures), indicated that Src was distributed 75% f 4% and 25% f 4%, respectively, between the Triton-soluble and -insoluble fractions (averaged over three experiments), and that depolarization caused a 1.4-fold increase in the level of Src associated with the Tritoninsoluble fraction (Figure 6) . Thus, the specific activity of Src kinase in the Triton-insoluble fraction was increased by 7-fold upon depolarization.
In unstimulated cells, the specific activity of Src assayed from both Triton-soluble and -insoluble fractions was the same, indicating that association with the Triton-insoluble fraction was insufficient to cause Src activation.
Induction of the NGFI-A Gene by Calcium Requires Both Src and Ras
Calcium influx into PC12 cells results in the induction of several immediate early genes in common with those induced by NGF (see Halegoua et al., 1991; Thompson et al., 1995) . The induction of NGFI-A (Milbrandt, 1987) by NGF has been shown to be mediated through the multiple serum response elements(SRE) in thegene promoter (DeFranc0 et al., 1993) and can be mediated through a signaling pathway stimulated by Src and Ras oncoproteins (D'Arcangelo and Halegoua, 1993) . The NGFI-A gene is also induced by treatment of PC12 cells with calcium ionophore. To test whether calcium induction of NGFI-A gene expression required Src, srcDN1 cells were treated with the calcium ionophore A23187, and the level of NGFI-A mRNA was measured. Northern blot analysis (Figure 7) showed that, as reported previously, NGFI-A mRNA was dramatically induced in PC1 2 cells by treatment with calcium ionophore (Bartel et al., 1989) . Treatment with calcium ionophore elicited a relatively poor induction of NGFI-A mRNA in the dominant inhibitory Src-expressing PC12 subline, srcDN2, whereas NGF treatment of these srcDN2 cells resulted in a dramatic induction of NGFI-A mRNA (Figure 7) , as in the parental PC12 cells (data not shown). In contrast to NGFLA gene induction, the c-fos gene can be induced by calcium through a CAM kinase pathway involving the CRElCaRE element in the gene promoter (see Ghosh and Greenberg, 1995) . Probing of the Northern blot for c-fos mRNA demonstrated that, in contrast to NGFI-A mRNA, treatment of srcDN2 cells with calcium ionophore resulted in an induction of c-fos mRNA to a level similar to that seen with NGF treatment of the same cells (Figure 7) . The ratio of NGFI-A to c-fos mRNA induction caused by ionophore treatment of PC12 cells was 4.5, while the same ratio for srcDN2 cells was 0.5, further indicating that the calcium-mediated induction of the NGFI-A gene was selectively inhibited in the srcDN1 cells.
To determine whether the induction of NGFI-A by calcium was Ras as well as Src dependent, we compared the ability of calcium influx to induce NGN-A in PC12 cells and in 17N-1 and 17N-2 cells expressing the dominant negative form of Ras. Neither treatment with ionophore ( Figure 7 ) nor depolarization (data not shown) resulted in a significant induction of NGFI-A mRNA in 17N-2 cells (Figure 7 ) or 17N-1 cells (data not shown), suggesting a dependence on Ras for NGWA induction by calcium. To ensure that calcium signaling of the CAM kinase pathway was intact in the cells expressing rasN17, the above Northern blot was reprobed with an antisense RNA specific for c-fos. The c-fos mRNA levels induced by ionophore treatment were comparable in PC12 cells and the PC12 sublines 17N-2 (75% of the level seen in PC12 cells; Figure  7 ) and 17N-1 (data not shown), indicating that the inability of calcium to elicit NGN-A gene induction in these sublines was due specifically to the presence of RasN17. Consistent with a previous report (Szeberenyi et al., 1990) , NGFmediated c-fos induction in the cells expressing RasN17 was markedly inhibited (data not shown), verifying the effectiveness of the RasN17 dominant negative mutant.
Discussion
Our findings demonstrate that neuronal growth factor and calcium actions overlap significantly at both the physiological and molecular levels. An increase in intracellular calcium levels by membrane depolarization and the subsequent opening of voltage-dependent calcium channels cause long-term neurite outgrowth in PC1 2 cells, an action previously thought to be restricted to growth factors. The ability of calcium entry to stimulate both Src and Ras and the ability of dominant negative forms of both Src and Ras to block calcium-induced neurite growth indicate that the effects of calcium are achieved by engaging the same Ras-dependent signal transduction pathway used by growth factors. However, calcium elevation only partially mimicked the actions of neuronal growth factors in inducing neurites, as evidenced by the limited neurite growth achieved and the requirement for serum-reduced medium. This result suggests that other components of the growth factor signaling pathway (e.g., Peng et al., 1995) are not stimulated by calcium and/or that the Ras-dependent pathway is activated incompletely over the long time periods that may be required for neurite growth (see Marshall, 1995) . The fact that low serum levels were also required for calcium-induced neurite growth may be related to inhibition of cell cycle progression in low serum medium (Rudkin et al., 1989) . Inhibition of the cell cycle is achieved by NGF treatment but not by depolarization of PC12 cells in normal serum-containing medium (Rukenstein et al., 1991) .
Two lines of evidence implicate Src in calciumstimulated signaling events in PC12 cells: elevation of intracellular calcium causes an increase in Src kinase specific activity, and overexpression of a kinase-inactive form of Src blocks calcium-stimulated protein tyrosine phosphorylation. Because Fyn, Yes, and other Src family kinase members could also be blocked by overexpression of kinase-inactive Src, it is possible that these kinases may be involved in calcium-mediated signaling in PC12 cells as well. It is unlikely that the effects of calcium on Src are specific for PC12 cells, because calcium ionophore treatment also causes activation of Src family kinases in keratinocytes, which was accompanied by the dephosphorylation of Src (Zhao et al., 1992) . In PC12 cells, calcium-mediated She and MAP kinase tyrosine phosphorylations were blocked by the calmodulin inhibitor W-7 (G. R. and S. H., unpublished data), thus raising the possibility of calmodulin-dependent tyrosine phosphatase involvement in calcium regulation of Src activity. The calcium-activated population of Src was found predominantly in association with the crude, Triton-insoluble cytoskeletal fraction. Previousstudieson thrombin-stimulated platelets have shown that activated Src becomes associated with the Tritoninsoluble fraction (Horvath, et al., 1992; Zhao et al., 1992; Clark and Brugge, 1993 ) via SH3 and/or SH2 domains that become exposed following activation (Roussel et al., 1991; Cooper and Howell, 1993) . Src activation and translocation correlate with the tyrosine phosphorylation of a number of cytoskeletal proteins, suggesting that the activation and translocation of Src following elevation of intracellular calcium may be involved in cytoskeletal reorganizations involved in neurite outgrowth.
Neuronal growth factors stimulate a Ras-dependent signaling pathway through the combined actions of receptor and nonreceptor tyrosine kinases (Kremer et al., 1991; Kaplan and Stephens, 1994 ) while calcium appears to engage the same Ras-dependent signaling pathway primarily through the action of nonreceptor tyrosine kinases. In support of this are the calcium-stimulated tyrosine phosphorylation of She and its complete inhibition in cells expressing C-srcKaSR. In contrast, neurite growth and She phosphorylation stimulated by NGF treatment seem to be mediated independently through the Trk tyrosine kinase, because She binds to and is a substrate of the Trk kinase and these events were only partially blocked by expression of SrcK295R. Alternatively, SrcK295R may not be able to interfere effectively with Src functions regulated by NGF. NGF stimulation of neurite growth is blocked by microinjection of anti-Src antibodies (Kremer et al., 1991) , as are the mitogenic actions of other growth factor receptors in fibroblasts (Twamley-Stein et al., 1993) . However, the nature of Src involvement in NGF and other growth factor signal transduction is not understood and remains to be addressed further.
She tyrosine phosphorylation and complex formation with Grb2 have been shown to lead to Ras activation (Rozakis-Adcock et al., 1992 ). Our results demonstrate that calcium stimulates tyrosine phosphorylation of She and its association with GrbP, likely leading to the reported ability of calcium to stimulate Ras activity (Rosen et al., 1994) . Recent evidence has also been presented for the involvement of a calcium-binding nucleotide exchange protein for Ras, Ras-GRF, in mediating Ras activation in response to elevation of intracellular calcium (Shou et al., 1992) . This alternate pathway to Ras activation would appear to be involved in some CNS neurons in which calcium-stimulated She tyrosine phosphorylation is not observed. Src, She, Ras, and MAP kinases act in sequence to mediate growth factor actions in inducing proliferation in fibroblasts and neurite growth in PC12 cells (Keegan and Halegoua, 1993; Marshall, 1995) . Our data with calcium elevation are consistent with this sequence of activities because expression of the dominant negative fa.9" blocked tyrosine phosphorylation of MAP kinases but not She, whereas expression of the dominant negative ~-.srt+'~~ blocked tyrosine phosphorylation of both She and MAP kinases. This same pathway leads to transcriptional induction of immediate early genes (D'Arcangelo and Halegoua, 1993; Ghosh and Greenberg, 1995) . The ability of dominant negative forms of Src and Ras to block calciummediated induction of the NGFI-A gene further attests to the stimulation of the Src-Ras signaling pathway by calcium.
Recently, the PYK2 tyrosine kinase was implicated in calcium-mediated tyrosine phosphorylation and Ras activation (Lev et al., 1995) , suggesting a relationship between Src and PYK2. PYKP, which is related to focal adhesion kinase (FAK), could couple with Src through an interaction between a PYK2 autophosphorylation site and the SH2 domain of Src. Src has been shown to interact with FAK by binding to pY(397)AEI of FAK, which represents a high affinity binding site for the Src SH2 domain. This motif, pYAEI, located just upstream from the catalytic domain of FAK, is conserved in PYK2. Thus, a model could be proposed in which calcium leads to activation and autophosphorylation of PYK2 at YAEI; which then binds to Src through the Src SH2 domain. Whether Src phosphorylates Grb2 binding sites on PYKP, as proposed for FAK (Schlaepfer et al., 1994) , and/or activates PYK2 by phosphorylation, remains to be established. In this model, inhibition of either PYK2 or Src could block calcium-stimulated signaling pathways leading to MAP kinase activation.
Changes in intracellular calcium levels signal a wide array of distinct actions in neurons. This diversity is achieved, at least in part, through the independent activation of multiple signaling pathways, including those mediated through CAMdependent protein kinases as well as through the Src-Ras proto-oncoprotein signaling cassette. These pathways act in parallel and in concert. For example, each pathway, activated by calcium, acts on a distinct set of transcription factors and promoter elements that contribute to the maximal level of induction of the c-fos gene (Figure 7 ) (Ghosh and Greenberg, 1995; Rosen et al., 1994) . In an analogous way, the use of multiple signaling pathways, involving CAM kinases and tyrosine kinases, may underlie a variety of different physiological endpoints achieved through calcium elevation, such as neurite growth (Kater et al., 1999) ion channel modulation (Siegelbaum, 1994) neurotransmitter secretion (Augustine et al., 1994; Ely et al., 1994) and long-term potentiation (Grant et al., 1992; Stevens et al., 1994) . From these perspectives, the full array of calcium actions in neurons would depend upon the time course of calcium signaling and the availability of the different calcium signaling components and their downstream effecters.
Experimental Procedures
Cell Culture PC12 (Greeneand Tischler, 1976 ) and PC12-derived transfectant lines were grown as described (Robbins et al.. 1992; D'Arcangelo and Halegoua, 1993) . Neurite growth from cells grown on a substrate of polylysine and laminin was assayed as described (Thomas et al., 1991) . Neurite length was measured using an ARGUS 10 image processor (Hamamatsu) connected to a KP MIU video camera (Hitachi Denshi, Ltd.). The lengths of 100 neurites counted per condition were averaged.
Generation
of Plasmids and PC12 Sublines PC12 sublines expressing a dominant negative form of Src were derived from PC12 cells following transfection (D'Arcangelo and Halegoua, 1993) with plasmid pLNCX-C-srtiZgSR, which encodes the K295R mutant (kinase-dead) form of chicken Src under control of the cytomegalovirus promoter and also contains the neomycin resistance gene under control of the Maloney murine leukemia virus long terminal repeats. Neomycin-resistant clones were screened for chicken Src expression by Western blot analysis using thet EC10 anti-chicken Src monoclonal antibody. Out of a total of 43 clbnal isolates examined, 12 expressed detectable levels of chicken Src; 2 such clones expressing the highest levels of chicken Src, srcDN1 and srcDN2, were selected for further experiments.
Western
Slot Analysis Cells were lysed in a buffer containing 1% Nonidet P-40, 10 mM Tris (pH 7.6), 50 mM NaCI, 30 mM sodium pyrophosphate. 50 mM NaF, 1 mM Na3V0,, and 1 mM phenylmethylsulfonyl fluoride, except for analysis of Src protein (see below). The lysate was subjected to SDSpolyactylamide gel electrophoresis (SDS-PAGE) on a 10% polyacrylamide gel (equal amounts of protein were added to each lane of a gel). The electrophoresed proteins were transferred onto a nitrocellulose membrane using a Bio-Rad Trans-Blot according to the manufacturer's instructions.
The protein blots were probed with primary antibody (1 pglml) for 2-4 hr. Mouse anti-phosphotyrosine antibody 4GlO (UBI) was incubated with the blotsfor3-4 hr. while allotherantibodies(rabbit anti8hc antibody [UBI]; rabbit anti-MAPK antibody [UBI]; mouse anti-chicken Src antibody EC10 [Parsons et al., 19841 ; mouse anti-Src antibody 327 [Lipsich et al., 19831 ; mouse anti-Grb2 antibody [UBI]) were incubated for 2 hr. The blots were probed with secondary antibody, antimouse or anti-rabbit IgG horseradish peroxidase-linked whole antibody (Amersham), for 30 min. The blots were stained for 1 min using the ECL kit (Amersham) and exposed to preflashed X-ray film. For quantitative analysis, blots probed with secondary antibody were again probed for 4 hr with 1Z51-protein A (Amersham) according to the manufacturer's instructions.
. lmmunoprecipitations and Kinase Activity Assays Cell lysates (about 500 ug per 100 11) were diluted 3-fold in lysis buffer, and 2 pg of antibody (anti-MAPK or anti-She) was added per sample. Immune complexes were isolated using 50 ~1 of protein A-agarose beads (Pierce). For Western blots, isolated complexes were subjected to SDS-PAGE in 10% polyacrylamide gels. The beads were alternatively used to assay MAP kinase activity using myelin basic protein as a substrate, as described (Boulton and Cobb, 1991) . Assay of Src kinase activity was carried out essentially as described (Clark and Brugge, 1993) . PC12 cells were lysed in Triton X-100 lysis buffer for 10 min on ice, and the lysate was centrifuged at 14,000 x g for 5 min to obtain the Triton-soluble fraction. Triton-insoluble precipitates were extracted with RIPA buffer. From either Tritonsoluble or RIPA-extracted, Triton-insoluble fractions, Src immunecomplexes were isolated using 2 Kg of anti-Src antibody 327 per sample and 50 PI of protein A-agarose beads. To asses the Src protein content, half of each sample was subjected to Western blotting and probed with anti-Src antibody 327 as described above. The other half of each sample was used to assay Src kinase activity using enolase as substrate as described, except that the enolase was "activated" with 50 mM acetic acid at 37OC for only 1 min prior to the kinase reaction.
Reactions were subjected to SDS-PAGE on 12.5% polyacrylamide gels, dried, and analyzed using a Molecular Dynamics Phosphorimager and ImageQuant software.
Northern Blot Analysis Total cellular RNA was isolated from PC12 cells or PC12 subclones, and Northern blot analyses were carried out as described (D'Arcangelo and Halegoua, 1993) . RNA probes were synthesized using the following linearized cDNA clones as templates:
NGFI-A subcloned into pBluescript KS (kindly provided by J. Milbrandt); c-fos cloned into SP65 (Curran et al., 1987 ; kindly provided by T. Curran); ~1815 (Danielson et al., 1988) , encoding cyclophilin, using T7 polymerase (Boehringer Mannheim or Promega) for fVGN-A; and SP6 polymerase (Promega) fort-fosandcyclophilin.
RNAlevelsweredeterminedeither bydensitometric analysis of the autoradiographic films or using a Phosphorimager (Molecular Dynamics).
